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BACKGROUND: VEGF-D (vascular endothelial growth factor D) and VEGF-C are secreted glycoproteins that can induce lym-
phangiogenesis and angiogenesis. They exhibit structural homology but have differential receptor binding and regulatory
mechanisms. We recently demonstrated that the serum VEGF-C level is inversely and independently associated with all-cause
mortality in patients with suspected or known coronary artery disease. We investigated whether VEGF-D had distinct relation-
ships with mortality and cardiovascular events in those patients.

METHODS AND RESULTS: We performed a multicenter, prospective cohort study of 2418 patients with suspected or known
coronary artery disease undergoing elective coronary angiography. The serum level of VEGF-D was measured. The pri-
mary outcome was all-cause death. The secondary outcomes were cardiovascular death and major adverse cardiovas-
cular events defined as a composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke. During
the 3-year follow-up, 254 patients died from any cause, 88 died from cardiovascular disease, and 165 developed major
adverse cardiovascular events. After adjustment for possible clinical confounders, cardiovascular biomarkers (N-terminal
pro-B-type natriuretic peptide, cardiac troponin-I, and high-sensitivity C-reactive protein), and VEGF-C, the VEGF-D level
was significantly associated with all-cause death and cardiovascular death but not with major adverse cardiovascular
events.. Moreover, the addition of VEGF-D, either alone or in combination with VEGF-C, to the model with possible clinical
confounders and cardiovascular biomarkers significantly improved the prediction of all-cause death but not that of cardio-
vascular death or major adverse cardiovascular events. Consistent results were observed within patients over 75 years old.

CONCLUSIONS: In patients with suspected or known coronary artery disease undergoing elective coronary angiography, an
elevated VEGF-D value seems to independently predict all-cause mortality.
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CLINICAL PERSPECTIVE

What Is New?

This is the first, dedicated and large-scale pro-
spective cohort study to demonstrate that the
VEGF-D (vascular endothelial growth factor D)
level is significantly associated with all-cause
mortality among patients with suspected or
known coronary artery disease, in sharp con-
trast to the fact that the VEGF-C level is in-
versely associated with all-cause mortality in
those patients.

What Are the Clinical Implications?

An elevated VEGF-D level in sera from arterial
catheter sheath at the beginning of elective
coronary angiography independently predicts
all-cause mortality in patients with suspected
or known coronary artery disease beyond the
potential clinical confounders, NT-proBNP
(N-terminal pro-B-type natriuretic peptide), cTnl
(contemporary sensitive cardiac troponin-I), hs-
CRP (high-sensitivity C-reactive protein), and
VEGF-C (vascular endothelial growth factor C).
Further investigations are necessary to eluci-
date the mechanisms that regulate circulating
VEGF-D and VEGF-C levels, and their effect on
cardiovascular system.

IDI integrated discrimination
improvement

LAM lymphangioleiomyomatosis

MACE major adverse cardiovascular
events

mTOR mechanistic/mammalian target
of rapamycin

NHO National Hospital Organization

NRI net reclassification
improvement

NT-proBNP N-terminal pro-B-type
natriuretic peptide

PIGF placental growth factor

PREHOSP-CHF Development of Novel
Biomarkers to Predict
Rehospitalization in Chronic

Heart Failure

TSC tuberous sclerosis complex

VEGF vascular endothelial growth
factor

VEGFR VEGF receptor

Nonstandard Abbreviations and Acronyms

ANOX Development of Novel
Biomarkers Related
to Angiogenesis or
Oxidative Stress to Predict
Cardiovascular Events

BMI body mass index

CAD coronary artery disease

CKD chronic kidney disease

COPD chronic obstructive pulmonary
disease

cTnl contemporary sensitive
cardiac troponin-I

CvV coefficients of variation

eGFR estimated glomerular filtration
rate

EXCEED-J Establishment of the Method to
Extract a High Risk Population
Employing Novel Biomarkers
to Predict Cardiovascular
Events in Japan

HR hazard ratio

hs-CRP high-sensitivity C-reactive

protein
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and their endothelial tyrosine kinase receptors are
central regulators of vasculogenesis, angiogen-
esis, and lymphangiogenesis." The VEGF family con-
sists of five members in mammals: VEGF (or VEGF-A),
PIGF (placental growth factor), VEGF-B, VEGF-C, and
VEGF-D. Among them, VEGF-C and VEGF-D are se-
creted glycoproteins that exhibit structural homology,
and both of them can promote lymphangiogenesis and
angiogenesis by binding to their specific receptors,
VEGF receptor (VEGFR)-2 and VEGFR-3.2% However,
VEGF-C and VEGF-D have differential receptor bind-
ing, regulatory mechanisms,” and expression patterns
during development and in adult tissues in mice®® as
well as in human tumors.'®" During embryonic devel-
opment, VEGF-D appears to play a subtler role in reg-
ulating lymphatic vascular development than VEGF-C,
which is absolutely required for lymphangiogene-
sis.'”>"® Nevertheless, VEGF-D can compensate for the
loss of VEGF-C for the sprouting of lymphatics,'® and
it appears to have a higher angiogenic potential than
VEGF-C.!"18
Recent basic research suggests the importance
of the lymphatic vasculature and VEGF-C/VEGF-D
signaling as therapeutic targets in cardiovascular dis-
eases.?'920 | ymphatic vessels play an important role
in reverse cholesterol transport, a pathway respon-
sible for cholesterol mobilization from peripheral tis-
sues to the liver for excretion, lipoprotein metabolism,
and atherosclerotic plague formation.?'-2% VEGF-D is
an important modifier of lipoprotein metabolism, and

The VEGF (vascular endothelial growth factor) family
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it is essential for the metabolism and hepatic uptake
of chylomicrons.?* Treatment with VEGF-C after myo-
cardial infarction induces lymphangiogenesis, reduces
fluid retention, facilitates inflammatory cell clearance in
the cardiac tissue, and improves cardiac function.?%2%
Adenoviral administered VEGF-D induces angiogene-
sis in pig myocardium,?” and mature VEGF-D is being
tested for treating refractory angina in humans.?8

Recent observational studies have suggested that
circulating levels of VEGF-D are associated with the in-
cidence of heart failure, atrial fibrillation, and ischemic
stroke.?%30 Although the origin of circulating VEGF-D
levels is unclear, an elevated VEGF-D level may rep-
resent an adaptation to the demands of the lymphatic
system to remove excess fluid from the extravascular
space of the lungs and peripheral tissues.?®

We reported that the serum level of VEGF-C is sig-
nificantly associated with dyslipidemia, a causative risk
factor as well as a therapeutic target of cardiovascular
disease.®" We also demonstrated that the serum level
of VEGF-C is inversely and independently associated
with all-cause mortality in patients with suspected or
known coronary artery disease (CAD); there seems to
be a non-linear threshold of VEGF-C levels at around
the 25th percentile for the risk of mortality, suggest-
ing a phenomenon in which a subset of patients are
relatively “VEGF-C deficient,” and that VEGF-C and
the lymphatic system have critical roles in the main-
tenance of homeostasis.®? VEGF-D may have distinct
relationships with mortality and cardiovascular events
in those patients.

We thus investigated the prognostic and predictive
value of VEGF-D in a large-scale, multicenter prospec-
tive cohort study of patients with suspected or known
CAD undergoing elective coronary angiography.

METHODS
Study Population

The data, analytic methods, and study materials
will not be made available to other researchers for
purposes of reproducing the results or replicating
the procedure. The present study was a subanaly-
sis of the ANOX (Development of Novel Biomarkers
Related to Angiogenesis or Oxidative Stress to Predict
Cardiovascular Events) study. The main analysis results
of the ANOX study have been described.®? In brief, pa-
tients with suspected or known CAD (1624 men and
794 women; mean age, 70.6 years old) undergoing
elective coronary angiography were recruited to deter-
mine the predictive value of possible novel biomarkers
for mortality and major adverse cardiovascular events
(MACE) (see details of the entire cohort of the ANOX
study in Table 1 and Table S1 in the report by Wada
et al)® The ANOX study group consists of 15 National
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Hospital Organization (NHO) institutions across Japan,
and the present study was conducted by nationally
certified cardiologists.

Between January 2010 and November 2013, a
total of 2513 patients were consecutively enrolled.
After the exclusion of 26 patients who did not pro-
vide blood samples and 69 patients who withdrew
consent, a total of 2418 patients were eligible. Data
on the patients’ demographic characteristics, smok-
ing status, medical history, and medication use were
collected from medical records. The presence of
obstructive CAD was assessed using a modified
American Heart Association/American College of
Cardiology classification.3® The severity of CAD was
quantified using the Gensini score.3* The submitted
data were examined for completeness and accu-
racy by the coordinating center (Clinical Research
Institute, Kyoto Medical Center, Kyoto, Japan), and
data queries were sent to the study sites. The study
was approved by the central ethics committee of
the NHO headquarters and each institution’s ethical
committee. All of the patients provided written in-
formed consent to participate in the study.

Outcomes and Follow-Up

The primary outcome was all-cause death. The sec-
ondary outcomes were cardiovascular death and
MACE defined as a composite of cardiovascular death,
nonfatal myocardial infarction, and nonfatal stroke.
The patients were monitored over 3 years (1080 days)
for the occurrence of all-cause death, cardiovascular
death, and/or MACE. The follow-up was performed
by personnel blinded to the biomarker data through
medical record/chart reviews, a survey letter, and/or
telephone interviews.

Sudden death resulting from an unknown but pre-
sumed cardiovascular cause in high-risk patients was
included in cardiovascular death. All deaths and MACE
were recorded in the official medical chart of the hos-
pitals where the patients received care. The reported
deaths, myocardial infarctions, and strokes were re-
viewed and adjudicated by the expert committee (three
independent and blinded cardiologists). The follow-up
continued even after nonfatal myocardial infarction and/
or nonfatal stroke had occurred. At the end of the fol-
low-up (day 1080), the survival status and detailed in-
formation about MACE were available in 2400 patients
(99.3%), and 18 patients (0.7%) were lost to follow-up.

Exposures, Sample Collection, and
Biomarker Measurement

The predictor of this subanalysis was the patients’
serum levels of VEGF-D. Fasting blood samples
for serum were collected from the arterial catheter
sheath at the beginning of each patient’'s coronary
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Table 1. Baseline Characteristics and Incidence of Events According to the Quartiles of VEGF-D

Baseline Characteristics and Incidence of Quartile 1 Quartile 2 Quartile 3 Quartile 4

Events (N=607) (N=606) (N=604) (N=601) P Value*

Baseline characteristics
Age, mean (SD), y 68.5 (10.9) 70.3 (10.4) 71.6 (10.3) 72.0(9.8) <0.001
Male 390 (64.3) 415 (68.5) 413 (68.4) 406 (67.6) 0.354
Body mass index, mean (SD) 25.0 (3.9) 241 (3.9 241 (3.7) 23.7 (3.9) <0.001
Obesity" 290 (47.8) 225 (37.1) 227 (37.6) 194 (32.3) <0.001
Hypertension 439 (72.3) 451 (74.4) 463 (76.7) 490 (81.5) 0.001
Dyslipidemia 376 (61.9) 380 (62.7) 366 (60.6) 344 (57.2) 0.219
Diabetes mellitus 213 (35.1) 277 (45.7) 274 (45.4) 323 (53.7) <0.001
Current smoking 94 (15.5) 103 (17.0) 106 (17.6) 125 (20.8) 0.101
eGFR, mean (SD), mL/min per 1.73 m? 70 (18) 68 (20) 63 (21) 52 (26) <0.001
Chronic kidney disease* 166 (27.4) 202 (33.3) 269 (44.5) 362 (60.2) <0.001
Gensini score, median (IQR) 11.0 (2.0-31.5) 10.5 (2.5-31.0) 12.8 (2.0-37.0) 14.0 (3.3-46.8) 0.0M11
Obstructive coronary artery disease 334 (55.0) 340 (56.1) 353 (58.4) 365 (60.7) 0.188
Previous myocardial infarction 85 (14.0) 82 (13.5) 94 (15.6) 93 (15.5) 0.673
Previous stroke 76 (12.5) 84 (13.9) 102 (16.9) 91 (15.1) 0.168
Previous heart failure hospitalization ( 6.9) 56 (9.3) 127 (21.1) <0.001
Atrial fibrillation 4.9 48 (7.9) 81 (13.4) 102 (17.0) <0.001
Malignancies 48 (7.9) 8 (9.6) 70 (11.6) 50 (8.9) 0.119
Anemiall 136 (22.4) 172 (28.4) 249 (41.2) 325 (54.1) <0.001
Antihypertensive drug use 482 (79.4) 475 (78.4) 497 (82.3) 513 (85.4) 0.008
Statin use 341 (56.2) 321 (53.0) 284 (47.0) 276 (45.9) 0.001
Aspirin use 363 (59.8) 347 (57.3) 328 (54.3) 302 (50.3) 0.006
NT-proBNP, median (IQR), pg/mL 91 (45 to0 215) 140 (62 to 393) 248 (100 to 787) 746 (183 to 2282) <0.001
cTnl, median (IQR), pg/mL 0.0 (0.0to 4.0) 0.0(0.0t0 5.0) 0.0(0.0to 11.0) 6.0 (0.0 to 31.0) <0.001
hs-CRP, median (IQR), mg/L 0.9 (0.4 to 3.1) 0.8(0.3t02.5) 1.0(0.3t0 3.4) 1.1(0.3t0 3.5) 0.037
VEGF-C, mean (SD), pg/mL 3890 (1455) 3754 (1518) 3478 (1456) 3224 (1389) <0.001
VEGF-D, median (IQR), pg/mL 142 (98 to 168) 250 (220 to 277) 389 (347 to 441) 730 (596 to 988) <0.001

Incidence of events, no. (/1000 person-years)
All-cause death 39 (22.1) 45 (25.6) 60 (34.9) 110 (67.5)
Cardiovascular death 1(6.2) 14 (8.0) 17 (9.9) 46 (28.2)
Myocardial infarction 4(2.9) 6 (3.4) 741 4 (2.5)
Stroke 15 (8.6) 17 (9.8 16 (9.4) 21 (13.0)
First MACE* 28 (16.1) 35 (20.3) 38 (22.4) 64 (39.9)

Values are expressed as number (percentage) unless otherwise indicated. The quartiles of VEGF-D levels were as follows: quartile 1, <194.7; quartile 2, 194.8
to 308.83; quartile 3, 303.4 to 500; quartile 4, >500 pg/mL. cTnl indicates contemporary sensitive cardiac troponin I; eGFR, estimated glomerular filtration rate;
hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range; MACE, major adverse cardiovascular events; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; VEGF-C, vascular endothelial growth factor C; and VEGF-D, vascular endothelial growth factor D.

*The P value represents a comparison of the differences among VEGF-D quartiles by Kruskal-Wallis and ¥ tests.

TObesity is defined as the body mass index of 25 or more.

*Chronic kidney disease is defined as an estimated glomerular filtration rate of less than 60 mL/min per 1.73 m?.

SThe Gensini score represents the angiographic severity of coronary artery disease employing a nonlinear points system for degree of luminal narrowing.
IAnemia is defined as a hemoglobin level of less than 13 g/dL in men and less than 12 g/dL in women.

*The MACE is defined as a composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke.

angiography before a heparinized saline flush. The
serum was stored at —80°C for a mean of 4 years
until it was assayed for VEGF-D after one freeze-thaw
cycle. The serum VEGF-D level was measured with
a specific, commercially available, ELISA kit accord-
ing to the manufacturer’s instructions (Quantikine,
R&D Systems, Minneapolis, MN). The sensitivity of the
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assay for VEGF-D was 11.4 pg/mL. The inter-/intra-
assay coefficients of variation (CV) of the ELISA for
VEGF-D were <8%/<7%. There is no significant cross-
reactivity or interference between the VEGF-D ELISA
and human VEGF-C up to 50 ng/mL. The assays were
performed by an investigator blinded to the sources of
the samples.



Wada et al

The details of the assays for VEGF-C, NT-proBNP
(N-terminal pro-B-type natriuretic peptide), cInl (con-
temporary sensitive cardiac troponin-l), and hs-CRP
(high-sensitivity C-reactive protein) are described
elsewhere.® Briefly, the serum levels of VEGF-C and
hs-CRP were measured with specific, commercially
available ELISA kits according to the manufacturers’
instructions (for VEGF-C: Quantikine, R&D Systems,
Minneapolis, MN; for hs-CRP: CyclLex, MBL, Nagano,
Japan). The inter-/intra-assay CV of ELISA for VEGF-C
and hs-CRP were <9%/<7% and <6%/<4%, respectively.
The serum levels of NT-proBNP were measured using
a validated, sandwich electrochemiluminescence im-
munoassay (Elecsys; Roche Diagnostics, Indianapoalis,
IN). Serum cTnl was measured with the ADVIA Centaur
Troponin | Ultra assay (Siemens Healthcare Diagnostics,
Los Angeles, CA). The sensitivities of the assays for
VEGF-C and hs-CRP were 4.6 and 28.6 pg/mL, re-
spectively. The sensitivity of the assay for NT-proBNP
was 5 pg/mL, and the assay CV at values of the mea-
suring range (5-35 000 pg/mL) was <10%. The sensi-
tivity of the assay for cTnl was 6 pg/mL, and the assay
CV at the 99th percentile reference value of 40 pg/mL
(potential range, 20—-60 pg/mL) was <10%.

Statistical Analysis

We divided the patients into quartiles according to
their baseline VEGF-D levels. The VEGF-D values for
each quartile can be found in the footnote of Table 1.
These data were compared among the quartiles of
VEGF-D for differences using the Kruskal-Wallis and
X2 tests. The relationships between either VEGF-D or
VEGF-C and other variables were assessed in sim-
ple and stepwise multiple linear regression analy-
ses. Stepwise variable selection was performed in
a forward direction with the Bayesian information
criterion. Because VEGF-D, the Gensini score, NT-
proBNP, cTnl, and hsCRP were normally distributed
after logarithmic transformation, the logarithms of
these parameters were used in the linear regression
analyses. The relationships between the baseline
VEGF-D level and the outcomes were investigated
with the use of Cox proportional hazard regression
in four sets of models: models adjusted for traditional
risk factors (age, sex, body mass index [BMI], hy-
pertension, dyslipidemia, diabetes mellitus, and cur-
rent smoking); models adjusted for possible clinical
confounders (traditional risk factors and other pos-
sible clinical confounders of estimated glomerular
filtration rate [eGFR], the Gensini score, previous
myocardial infarction, previous stroke, previous heart
failure hospitalization, malignancies, anemia [de-
fined as a hemoglobin level below 13 g/L in men and
12 g/L in women)], antihypertensive drug use, statin
use, and aspirin use); models adjusted for possible
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clinical confounders and established cardiovascular
biomarkers (NT-proBNP, cTnl, and hs-CRP for 1-SD
increase); and models adjusted for possible clinical
confounders, established cardiovascular biomark-
ers, and VEGF-C (for 1-SD increase).

We evaluated the incremental predictive per-
formance of biomarkers by calculating changes in
the C-statistic, continuous net reclassification im-
provement (NRI), and integrated discrimination im-
provement (IDI) metrics.®® We assessed the model
calibration by comparing predicted probabilities with
observed probabilities. A residual analysis was used
to assess model fit.

We also performed stratified analyses to examine
the association between the serum VEGF-D level and
the risk of all-cause death. All statistical tests were
two sided, and P<0.05 were considered significant.
Because all analyses were considered exploratory,
the P values were not adjusted for multiple compar-
isons. The analyses were performed using SPSS
ver. 23.0 (IBM Japan, Tokyo), JMP13 (SAS, Cary,
NC), and R, ver. 3.5.2 (R Foundation for Statistical
Computing, Vienna, Austria). Additional details are
described elsewhere.®

RESULTS

Baseline Characteristics

The median level of VEGF-D was 3083.3 pg/mL (in-
terquartile range, 194.7 to 500 pg/mL) for all the pa-
tients. The distribution of VEGF-D levels in the entire
patient cohort is shown in Figure S1. The baseline
characteristics of the patients divided into the quar-
tiles of VEGF-D levels are shown in Table 1 and Table
S1. The higher quartiles of VEGF-D were significantly
associated with older age, lower BMI, lower rate of
obesity, higher rates of hypertension and diabetes
mellitus, lower eGFR, higher rates of chronic kidney
disease (CKD), previous heart failure hospitalization,
atrial fibrillation, and anemia and lower rates of sta-
tin use and aspirin use. In addition, higher quartiles
of VEGF-D were significantly associated with higher
levels of NT-proBNP and cTnl but not with higher lev-
els of hs-CRP. Interestingly, the quartiles of VEGF-D
were significantly and inversely associated with the
VEGF-C level (B, —227; standard error of the mean,
26; P<0.001). Moreover, the gap between VEGF-D
and VEGF-C levels becomes more narrow with in-
creasing quartiles of VEGF-D, whereas the sum of
VEGF-D and VEGF-C is similar across the quartiles
of VEGF-D (Table S1). These findings might sug-
gest that VEGF-D is upregulated to make up for the
loss of VEGF-C. The scatterplot between VEGF-D
and VEGF-C in the entire patient cohort is shown in
Figure S2.
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The correlations of VEGF-D or VEGF-C (as continu-
ous variables) with other variables are shown in Tables
S2 and S3. Stepwise regression analyses revealed
that independent determinants of VEGF-D were dys-
lipidemia, diabetes mellitus, current smoking, eGFR,
anemia, statin use, NT-proBNP, and hs-CRP, whereas
those of VEGF-C were age, male sex, eGFR, anemia,
NT-proBNP, and hs-CRP.

Incidence of Outcomes

As described in the ANOX study,®® 254 patients
died from any cause (88 cardiovascular and 166
noncardiovascular deaths), and 165 developed first
MACE (21 myocardial infarction, 69 stroke, and 75
cardiovascular deaths) during the 3-year follow-
up. Figure 1 shows the cumulative incidence of
all-cause death, cardiovascular death, and MACE
according to the quartiles of VEGF-D levels. The
highest quartile of VEGF-D had the greatest risks of
all-cause death, cardiovascular death, and MACE.
Notably, there seems to be a step-by-step increase
in the risk of all-cause death according to the quar-
tiles of VEGF-D. The incidence of outcomes accord-
ing to the quartiles of VEGF-D levels is summarized
in Table 1. Figure S3 shows the cumulative inci-
dence of all-cause death, cardiovascular death, and
MACE according to the quartiles of VEGF-D levels
in patients in the lowest quartile of VEGF-C (< 25th
percentile) and those in the three higher quartiles
of VEGF-C (>25th percentile). Importantly, even in
patients with the lowest VEGF-C level (< 25th per-
centile), the highest quartile of VEGF-D seemed to
confer the greatest risks of all-cause death, cardio-
vascular death, and MACE.

Multivariate Cox Regression Analyses

After adjustment for traditional risk factors (ie, age,
sex, BMI, hypertension, dyslipidemia, diabetes mel-
litus, and current smoking), the VEGF-D level was
significantly associated with all-cause death, car-
diovascular death, and MACE (model 1, Figure 2).
After the additional adjustment for other possible
clinical confounders (ie, eGFR, the Gensini score,
previous myocardial infarction, previous stroke,
previous heart failure hospitalization, malignancies,
anemia, antihypertensive drug use, statin use, and
aspirin use), the VEGF-D level was significantly as-
sociated with all-cause death, cardiovascular death,
and MACE (model 2, Figure 2). Even after additional
adjustment for established cardiovascular biomark-
ers (NT-proBNP, cTnl, and hs-CRP), the VEGF-D level
was significantly associated with all-cause death and
cardiovascular death, but not with MACE (model 3,
Figure 2). Importantly, after additional adjustment
for VEGF-C, the VEGF-D level was still significantly
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associated with all-cause death and cardiovascular
death but not with MACE (model 4, Figure 2).

Even in the 1717 patients with no history of CAD
(ie, those with suspected CAD), the VEGF-D level was
significantly associated with all-cause death (n=161,
hazard ratio [HR] 1.20, 95% Cl, 1.08-1.34), and cardio-
vascular death (n=50, HR 1.21, 95% ClI, 1.03-1.41) but
not with MACE (n=104, HR 1.15, 95% ClI, 0.999-1.32)
after adjusting for possible clinical confounders. On
the other hand, in the 711 patients with a history of (ie,
known) CAD, the VEGF-D level was also significantly
associated with all-cause death (n=93, HR 1.26, 95%
Cl, 1.07-1.50), and cardiovascular death (n=38, HR
1.38, 95% CI, 1.003-1.91) but not with MACE (n=61,
HR 1.19, 95% Cl, 0.91-1.55) after adjustment for possi-
ble clinical confounders.

Discrimination, Reclassification, and
Calibration

The C-statistics of the model with possible clinical
confounders (base model) were 0.789 for all-cause
death, 0.817 for cardiovascular death, and 0.733 for
MACE (Table 2). The C-statistics of single biomark-
ers are also shown in Table 2. The combination of
established cardiovascular biomarkers (NT-proBNP,
cTnl, and hs-CRP) significantly improved the predic-
tion of all-cause death but not that of cardiovascu-
lar death or MACE (Table 2). Notably, the addition
of the VEGF-D to the model with possible clinical
confounders and established cardiovascular bio-
markers significantly improved the prediction of all-
cause death (P=0.02 for NRI, P=0.02 for IDIl) but
not that of cardiovascular death (P=0.07 for NRI,
P=0.21 for IDI) or MACE (P=0.47 for NRI, P=0.13
for IDI) (Table 2). Moreover, the addition of both
VEGF-D and VEGF-C to the model with possible
clinical confounders and established cardiovas-
cular biomarkers further improved the prediction
of all-cause death (P<0.001 for NRI, P=0.004 for
IDI) but not that of cardiovascular death or MACE.
Calibration of the models in Table 2 showed no evi-
dence of lack of fit.

Multivariate-Adjusted Stratified Analyses

In the multivariate-adjusted stratified analyses, the
VEGF-D level was significantly associated with all-
cause death regardless of sex and the presence/
absence of dyslipidemia, obstructive CAD, previ-
ous stroke, previous heart failure hospitalization,
atrial fibrillation, anemia, statin use, aspirin use, or
the lowest VEGF-C level (<25th percentile) (Figure
S4). The VEGF-D level was not significantly asso-
ciated with all-cause death in the patients under
75 years old, those with obesity (BMI>25), those
without hypertension, those without diabetes
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Figure 1. Cumulative incidence of all-cause death (A), cardiovascular death (B), and major adverse cardiovascular events

(C) according to the serum VEGF-D level at baseline.

Follow-up results are truncated after 3 years. MACE indicates major adverse cardiovascular events; and VEGF-D, vascular endothelial

growth factor D.

mellitus, current smokers, those without CKD,
those with previous myocardial infarction, those
with malignancies, or those without antihyper-
tensive drug use. Notably, the VEGF-D level was
significantly associated with all-cause death in the
patients over 75 years old.

DISCUSSION

In this prospective cohort of patients with suspected
or known CAD, we identified a significant associa-
tion between the serum VEGF-D level and all-cause
mortality, in sharp contrast to the inverse correlation
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HR (95% CI) of VEGF-D 95% CI
Outcomes for 1-SD increase HR Lower Upper
All-cause death
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Model-2 e 1.19 1.09 1.30
Model-3 e 1.17 1.07 1.29
Model-4 == 1.17 1.07 1.28
Cardiovascular death
Unadjusted e 1.45 1.32 1.56
Model-1 e 1.39 1.26 1.53
Model-2 —e— 1.22 1.07 1.39
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MACE
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Model-1 1.27 1.16 1.39
Model-2 —o— 1.14 1.01 1.28
Model-3 —o— 112 0.99 1.27
Model-4 —o— 112 0.99 1.27
0.3 0 3.0

Figure 2. Hazard ratios for all-cause death, cardiovascular death, and major adverse cardiovascular events according to

VEGF-D levels.

Values are for 1-standard deviation increase. The data were adjusted for the following variables: model-1, age, sex, body mass
index, hypertension, dyslipidemia, diabetes mellitus, and current smoker; model-2, model-1 plus eGFR, the Gensini score, previous
myocardial infarction, previous stroke, previous heart failure hospitalization, malignancies, anemia, antihypertensive drug use, statin
use, and aspirin use; model-3, model-2 plus NT-proBNP, cTnl, and hs-CRP; model-4, model-3 plus VEGF-C. The biomarkers were
modeled as continuous variables. cTnl indicates contemporary sensitive cardiac troponin-I; eGFR, estimated glomerular filtration rate;
HR, hazard ratio; hs-CRP, high-sensitivity C-reactive protein; MACE, major adverse cardiovascular events; NT-proBNP, N-terminal-
pro-B-type natriuretic peptide; and VEGF-D, vascular endothelial growth factor D.

between the serum VEGF-C level and all-cause
mortality.3? This association is independent of pos-
sible clinical confounders, the cardiovascular bio-
markers (NT-proBNP, cTnl, hs-CRP), and VEGF-C.
The strengths of our investigation include the use of
a well-established VEGF-D assay that is already in
clinical use for the diagnosis and disease monitor-
ing of lymphangioleiomyomatosis (LAM), the large
sample size, the multicenter prospective design,
and a high follow-up rate (99.3%).23® The Kaplan-
Meier analysis showed a step-by-step increase in
the risk of all-cause mortality according to quartiles
of VEGF-D; it may be advantageous for the staged

J Am Heart Assoc. 2020;9:e015761. DOI: 10.1161/JAHA.119.015761

risk prediction compared with an abrupt change in
the risk of all-cause mortality at around the 25th per-
centile of VEGF-C levels.®? Although it has already
been reported that the VEGF-D level is associated
with heart failure, atrial fibrillation, and stroke,??2° we
demonstrated that even in patients without a history
of heart failure, those without atrial fibrillation, and
those without a history of stroke, the VEGF-D level
was significantly associated with all-cause death
after adjustment for possible clinical confounders
(Figure S4). Taken together, the results of our analy-
ses demonstrate that the measurement of the serum
VEGF-D level may provide prognostic information
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Table 2. Model Performance Measures for All-Cause Death, Cardiovascular Death, and Major Adverse Cardiovascular
Events

AC Continuous NRI, P
Risk Factors and Biomarkers C Statistics Statistics 95% ClI P Value IDI, 95% CI Value
All-cause death
Base model* 0.789
NT-proBNP 0.722
cTnl 0.656
hs-CRP 0.641
VEGF-C 0.656
VEGF-D 0.641
Base 0.803 0.015 0.385 (0.256 to 0.575) <0.001 0.017 (0.006 to 0.028) 0.003
model+NT-proBNP+cTnl+hs-CRPT
Base model+NT-proBNP+cTnl+hs- 0.806 0.003 0.176 (0.047 to 0.305) 0.01 0.003 (0.0003 to 0.006) 0.08
CRP+VEGF-C*
Base model+NT-proBNP+cTnl+hs- 0.807 0.004 0.161 (0.032 to 0.290) 0.02 0.008 (0.002 to 0.014) 0.02
CRP+VEGF-D*
Base model+NT-proBNP+cTnl+hs- 0.809 0.006 0.287 (0.158 to 0.416) <0.001 0.013 (0.003 to 0.017) 0.004
CRP+VEGF-C+VEGF-D*
Cardiovascular death
Base model’ 0.817
NT-proBNP 0.788
cinl 0.715
hs-CRP 0.589
VEGF-C 0.653
VEGF-D 0.676
Base 0.823 0.007 0.039 (-0.174 to 0.251) 0.72 0.008 (-0.006 to 0.022) 0.25
model+NT-proBNP+cTnl+hs-CRPT
Base model+NT-proBNP+cTnl+hs- 0.823 -0.001 0.239 (0.031 to 0.448) 0.02 0.002 (-0.0001 to 0.004) 0.07
CRP+VEGF-C*
Base model+NT-proBNP+cTnl+hs- 0.826 0.003 0.194 (-0.018 to 0.407) 0.07 0.007 (-0.004 to 0.019) 0.21
CRP+VEGF-D*
Base model+NT-proBNP+cTnl+hs- 0.826 0.002 0.078 (-0.135 to 0.290) 0.47 0.009 (-0.0083 to 0.02) 0.13
CRP+VEGF-C+VEGF-D*
Major adverse cardiovascular events
Base model’ 0.733
NT-proBNP 0.703
cTnl 0.648
hs-CRP 0.584
VEGF-C 0.592
VEGF-D 0.607
Base 0.740 0.007 0.131 (-0.025-0.287) 0.101 0.009 (-0.003-0.020) 014
model+NT-proBNP+cTnl+hs-CRP!
Base model+NT-proBNP+cTnl+hs- 0.740 0.000 0.041 (-0.117 to 0.199) 0.613 0.000 (-0.0001 to 0.0002) 0.57
CRP+VEGF-C*
Base model+NT-proBNP+cTnl+hs- 0.741 0.001 0.060 (-0.097 to 0.216) 0.456 0.002 (-0.002 to 0.005) 0.38
CRP+VEGF-D*
Base model+NT-proBNP+cTnl+hs- 0.741 0.001 0.050 (-0.106 to 0.207) 0.530 0.002 (-0.002 to 0.005) 0.38
CRP+VEGF-C+VEGF-D*

Follow-up results are truncated after 3 years. The biomarkers were modeled as continuous variables (for 1-SD increase). The AC statistic, continuous
NRI and IDI show the change in model performance from “Base model” or “Base model+NT-proBNP+cTnl+hs-CRP.” cTnl indicates contemporary sensitive
cardiac troponin |; eGFR, estimated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; IDI, integrated discrimination improvement; NRI, net
reclassification improvement; NT-proBNP, N-terminal pro-B-type natriuretic peptide; VEGF-C, vascular endothelial growth factor C; and VEGF-D, vascular
endothelial growth factor D.

*The base modelis based on age, sex, body mass index, hypertension, dyslipidemia, diabetes mellitus, current smoking, eGFR, the Gensini score, previous myocardial
infarction, previous stroke, previous heart failure hospitalization, atrial fibrillation, malignancies, anemia, antinypertensive drug use, statin use, and aspirin use.

fEvaluated the change of model performance from the “Base model.”

*Evaluated the change of model performance from the “Base model+NT-proBNP+cTnl+hs-CRP.”
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about all-cause mortality beyond these factors in
clinical settings.

Our study subjects included both patients with a
history of (ie, known) CAD and those with no history of
(ie, suspected) CAD, and the former patients would be
at much higher risk of suffering the studied outcomes.
Similarly, our study subjects included both patients
with and those without obstructive CAD. However, a
significant association between the VEGF-D level and
all-cause death after adjustment for possible clinical
confounders did not depend on the presence/ab-
sence of a history of CAD or obstructive CAD.

In our stratified analyses, we did not observe signif-
icant associations between the VEGF-D level and all-
cause death in the patients under 75 years old, those
with obesity, those without hypertension, those without
diabetes mellitus current smokers, those without CKD,
those with previous myocardial infarction, those with
malignancies, or those without antihypertensive drug
use. In addition, the use of the VEGF-D level did not
significantly improve the prediction of cardiovascular
death over the model with possible clinical confound-
ers and cardiovascular biomarkers in the entire cohort.
However, we had limited statistical power to test these
findings. Longer follow-ups are needed to determine
whether or not VEGF-D represents a distinct cardiovas-
cular risk factor and to establish the relationships be-
tween the VEGF-D level and specific causes of death.

In the ANOX subgroups of patients with a history of
heart failure hospitalization, those with atrial fibrillation,
and those with a history of stroke, the serum VEGF-D
level was significantly associated with all-cause death
after adjusting for possible clinical confounders (Figure
S4). Hence, VEGF-D may serve not only as a predic-
tor of the incidence of heart failure, atrial fibrillation, and
ischemic stroke but also as a prognostic biomarker
in patients with chronic heart failure, those with atrial
fibrillation, and those with a history of stroke. Larger-
scale cohort studies including ours (the PREHOSP-
CHF [Development of Novel Biomarkers to Predict
Rehospitalization in Chronic Heart Failure] study,
UMINO00021657) are needed to confirm these findings.

Both high VEGF-D and low VEGF-C levels (as con-
tinuous variables) were independently correlated with
eGFR, anemia, NT-proBNP, and hs-CRP, indicating that
these two factors are involved in renal anemia, heart
failure, and inflammation. On the other hand, VEGF-D,
but not VEGF-C, was independently correlated with
dyslipidemia, diabetes mellitus, and current smoking,
suggesting that VEGF-D is more closely associated
with lifestyle-related risk factors than VEGF-C. In a fu-
ture study, it would be of interest to examine whether
lifestyle modification can decrease circulating levels of
VEGF-D.

VEGF-D is a validated diagnostic biomarker of
LAM, which is a progressive, cystic lung disease
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in women. LAM is associated with an inappropri-
ate activation of mechanistic/mammalian target of
rapamycin (MTOR) signaling, which regulates cellular
growth and lymphangiogenesis.®363” | AM is caused
by inactivating mutations in the tuberous sclerosis
complex (TSC) genes, resulting in the expression
of VEGF-D (and VEGF-C) and extensive pulmonary
lymphangiogenesis.3® Rapamycin (also called siroli-
mus) inhibited mTOR signaling, stabilized lung func-
tion, and reduced the serum VEGF-D level in patients
with LAM.%637 However, the sources and mecha-
nisms of the serum VEGF-D upregulation in LAM pa-
tients remain elusive.3®

The gene encoding VEGF-D is expressed in a range
of tissues during development and in adult tissues, with
prominent expression in lung and skin.? In adult human
tissues, VEGF-D is produced mostly in the heart, lung,
skeletal muscle, colon, and small intestine.” As de-
scribed,? it is possible that VEGF-D represents an ad-
aptation to the demands of the lymphatic system to
remove excess fluid from the extravascular space of
lungs and peripheral tissues. In addition to the role of
VEGF-D in lymphangiogenesis, the circulating VEGF-D
level could be associated with cardiac angiogenesis. A
significant upregulation of cardiac VEGF-D after myo-
cardial infarction has been demonstrated, implicating
the involvement of VEGF-D in cardiac fibrogenesis
to promote repair and remodeling.®83° An elevated
VEGF-D level might therefore — at least in part — re-
flect increased cardiac angiogenesis, fibrogenesis,
and remodeling. Given the inverse correlation between
VEGF-C and VEGF-D, VEGF-D may be upregulated to
compensate for the insufficient production of VEGF-C
in response to the increasing demands of either or
both of lymphangiogenesis and angiogenesis.

A recent animal study demonstrated that VEGF-D,
as well as VEGF-C, is abundantly present in renal tu-
bules under baseline conditions, and that following kid-
ney injury, its expression pattern is significantly altered,
and serum and urine levels of VEGF-D (and VEGF-C)
are increased.*® However, in the present study, as eGFR
declined, the VEGF-C level decreased and the VEGF-D
level increased. The morphological hallmarks of CKD
are tubular atrophy and interstitial fibrosis,*' in which
transdifferentiation of fibroblasts to myofibroblasts is in-
volved.* Since VEGF-D serves as a profibrogenic me-
diator by stimulating myofibroblast growth, migration,
and collagen synthesis,*® VEGF-D may play a role in
the development of interstitial fibrosis during CKD pro-
gression, just as in cardiac remodeling after myocardial
infarction. Given the inverse correlation of VEGF-C and
VEGF-D levels with renal function, it would be inter-
esting for future studies to examine whether VEGF-C
and VEGF-D levels are associated with proximal tubu-
lar mass and interstitial fibrosis, respectively. Further
investigation is necessary to elucidate the sources of

10



Wada et al

VEGF-D and the molecular mechanisms that regulate
the circulating levels of VEGF-D.

Limitations

First, the patients’ blood samples were drawn from
the arterial sheath. Because VEGF-D is one of the
vascular and lymphatic endothelial cell-specific li-
gands, it is possible that its concentrations in the ar-
terial and venous circulation differ. In our preliminary
data (n=40), the VEGF-D levels in sera from the arte-
rial sheath were closely correlated with those from
the peripheral vein before cardiac catheterization (3,
0.863; standard error of the mean, 0.034; P<0.001).
However, to validate VEGF-D’s potential to be used
more widely in risk prediction, other cohort studies
using peripheral venous blood samples are neces-
sary, such as our EXCEED-J (Establishment of the
Method to Extract a High Risk Population Employing
Novel Biomarkers to Predict Cardiovascular Events in
Japan) study (UMINOO0O018807). Second, the serum
samples had been frozen for a mean of 4 years.
Thus, there is a risk that the absolute VEGF-D level
was affected by being derived from frozen, rather
than fresh, samples. Future studies are necessary
to determine the optimal cutoff point for the VEGF-D
level in fresh samples. Third, we did not measure
VEGF-D levels repeatedly during the follow-up. It
would be interesting for future studies that use re-
peated measurements of VEGF-D levels, including
our own PREHOSP-CHF study, to investigate the re-
lationship between the change in VEGF-D levels and
the risk of mortality. Fourth, we used a contemporary
sensitive troponin-I assay but not a high-sensitivity
troponin | or T assay. Fifth, we had no collected data
of cardiovascular imaging such as echocardiogra-
phy, cardiovascular magnetic resonance, computed
tomography, intravascular ultrasound/optical coher-
ence tomography, and nuclear imaging. The eluci-
dation of the relationship between the VEGF-D level
and these cardiac imaging data will provide valuable
insights into the mechanistic role of VEGF-D. Sixth,
we had no collected data of a history of chronic ob-
structive pulmonary disease, which is also one of
the possible clinical confounders. Seventh, this was
an observational study, and other unmeasured con-
founding factors may have existed. Finally, because
the ANOX study cohort is exclusively Asian individu-
als with suspected or known CAD, our results may
not be generalizable to general Asian populations, or
to other ethnic groups.

CONCLUSIONS

Nevertheless, our results clearly demonstrate that
an elevated serum VEGF-D value was independently
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associated with all-cause mortality beyond the pos-
sible clinical confounders, cardiovascular biomark-
ers (NT-proBNP, cTnl, and hs-CRP), and VEGF-C in
patients with suspected or known CAD undergoing
elective coronary angiography. This association was
especially pronounced in patients over 75 years old.
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Appendix $1

The other members of the ANOX study group are as follows: National Hospital Organization
Kyoto Medical Center, Kyoto, Japan: K. Takabayashi, H. Ogawa, Y. Yamashita, Y. Hamatani,
Y. An, Y. Tezuka, K. Doi, K. Kashiwabara, M. Murakami, S. leda, Y. Ueji, M. Mori, Y. Harada,
K. Takahashi, D. Ishikawa, T. Nakayama, H. Oi, T. Hitano, T. Inoue, T. Shinagawa, M.
Kimura, and A. Wada; National Hospital Organization Saitama Hospital, Saitama, Japan: K.
Matsumura, T. Katayama, Y. Miyabayashi, T. Sekine, N. Okada, and K. Namiki; National
Hospital Organization Kure Medical Center and Chugoku Cancer Center, Kure, Japan: T.
Kawamoto, R. Tamura, H. Nishiyama, O. Ichikawa, H. Kinoshita, T. Segawa, K. Yuasa, Y.
Kimura, A. Kimura, M. Miura, and Y. Sumitani; National Hospital Organization Yokohama
Medical Center, Yokohama, Japan: K. Iwade, F. Mori, Y. Seki, H. Hoshi, H. Kumakura, A.
Yanane, and K. Shimizu; National Hospital Organization Sendai Medical Center, Sendai,
Japan: G. Ishizuka, N. Ogami, N. Yamaguchi, and H. Fujita; National Hospital Organization
Kanazawa Medical Center, Kanazawa, Japan: E. Nakai and J. Arai; National Hospital
Organization Hakodate National Hospital, Hakodate, Japan: S. Anzai, H. Hirose, K. Komuro,
K. Shimastu, H. Yamada, and K. Inoko; National Hospital Organization Kobe Medical
Center, Kobe, Japan: T. Okada, M. Kinugasa, J. Mukai, and A. Suzuki; National Hospital
Organization Ehime Medical Center, Toon, Japan: T. Fujita and N. Izumi; National Hospital
Organization Hokkaido Medical Center, Sapporo, Japan: H. Okamoto, T. Kaneko, J.
Teranishi, M. Satoh, M. Fujita, H. Komatsu, H. Mutou, T. Akagami, T. Honma, A. Kikuchi, M.
Kato, K. Otsu, and F. Suzuki; National Hospital Organization Sagamihara National Hospital,
Sagamihara, Japan: M. Kanna, T. Dejima, M. Nakayama, S. Kikuchi, Y. Okajima, and H.
Tanaka; National Hospital Organization Kyushu Medical Center, Fukuoka, Japan: K.
Hiyamuta, K. Numaguchi, M. Nishihara, Y. Kuwabara, and S. Tanaka; National Hospital
Organization Okayama Medical Center, Okayama, Japan: A. Ogawa and S. Watanabe;
National Hospital Organization Tochigi Medical Center, Utsunomiya, Japan: T. Adachi, H.
Sakurai, and H. Akutsu.



Figures

Figure S1. Distribution of VEGF-D levels at baseline in the entire patient cohort. VEGF-D,
vascular endothelial growth factor D.

Figure S2. The scatterplot between VEGF-D and VEGF-C levels in the entire patient
cohort.

VEGF-C, vascular endothelial growth factor C; VEGF-D, vascular endothelial growth factor
D.

Figure S3. Cumulative incidence of all-cause death, cardiovascular death, and MACE
according to the quartiles of VEGF-D levels in patients in the lowest quartile of VEGF-C (=
25th percentile) and those in the three higher quartiles of VEGF-C (>25th percentile).
Cumulative incidence of all-cause death (A, B), cardiovascular death (C, D), and MACE (E,
F) according to the quartiles of VEGF-D levels in patients in the lowest quartile of VEGF-C
(= 25th percentile) (A, C, E) and those in the three higher quartiles of VEGF-C (>25th
percentile) (B, D, F). Follow-up results are truncated after 3 years. MACE, major adverse
cardiovascular events; VEGF-D: vascular endothelial growth factor D; VEGF-C, vascular
endothelial growth factor C.

Figure S4. Multivariate-adjusted stratified analyses of the associations of VEGF-D with the
risk of all-cause death.

The multivariable-adjusted HRs (95%Cls) of VEGF-D levels for all-cause death are plotted
for the entire cohort and according to the strata of baseline covariates. Data were adjusted
for age, sex, body mass index, hypertension, dyslipidemia, diabetes, current smoker, eGFR,
the Gensini score, previous myocardial infarction, previous stroke, previous heart failure
hospitalization, malignancies, anemia, antihypertensive drug use, statin use, and aspirin
use. VEGF-D, vascular endothelial growth factor D; HR, hazard ratio; SD, standard
deviation; ClI, confidence interval; BMI, body mass index; CAD, coronary artery disease; Ml,
myocardial infarction; HF, heart failure; VEGF-C, vascular endothelial growth factor C.



Table S1. Baseline characteristics

Quartiles of VEGF-D (pg/mL)

Characteristic Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-value *
No. Value No. Value No. Value No. Value

History of smoking habit 607 | 341(56.2) | 606 | 362(59.7) | 604 | 384(63.6) | 601 | 376 (62.6) 0.039
Previous PClI 607 | 152(25.0) | 606 | 155(25.6) | 604 | 158(26.2) | 601 | 144 (24.0) 0.840
Previous CABG 607 17 (2.8) 606 19 (3.1) 604 25 (4.1) 601 28 (4.7) 0.282
Previous CAD (MI, PCI, or CABG) 607 171 (28.2) 606 177 (29.2) 604 180 (29.8) 601 173 (28.8) 0.937
Previous CV events 607 250 (41.2) 606 261 (43.1) 604 279 (46.2) 601 308 (51.3) 0.003
Family history of CV events 607 198 (32.6) 606 171 (28.2) 604 168 (27.8) 601 154 (25.6) 0.054
Multi-vessel or LMT disease * 607 183 (30.2) 606 176 (29.0) 604 197 (32.6) 601 238 (39.6) <0.001
NYHA class Ill or IV 607 32 (5.3) 606 45 (7.4) 604 71 (11.8) 601 | 104 (17.3) | <0.001
Chronic kidney disease * 607 | 441(72.7) | 606 | 404(66.7) | 604 | 335(55.5) | 601 | 239(39.8) | <0.001

Stage 3a 132 (21.8) 135 (22.3) 167 (27.7) 149 (24.8)

Stage 3b 30 (4.9) 49 (8.1) 74 (12.3) 94 (15.6)

Stage 4 3(0.5) 13 (2.2) 16 (2.7) 51 (8.5)

Stage 5 1(0.2) 5(0.8) 12 (2.0) 68 (11.3)
Dialysis 607 1(0.2) 606 5(0.8) 604 10 (1.7) 601 64 (10.7) <0.001
SBP, mean (SD), mmHg 607 125 (16) 606 126 (18) 604 127 (19) 601 129 (20) 0.012
DBP, mean (SD), mmHg 607 71 (12) 606 70 (12) 604 70 (13) 601 70 (13) 0.139
Pulse rate, mean (SD), bpm 607 69 (12) 606 69 (12) 604 70 (14) 601 73 (15) <0.001
LDL-cholesterol, mean (SD), mmHg 595 108 (30) 584 104 (30) 597 106 (32) 590 100 (30) <0.001
HDL-cholesterol, mean (SD), mmHg 593 55 (17) 585 55 (16) 591 53 (15) 584 55 (17) 0.258




Table S1. Baseline characteristics (continued).

Quartiles of VEGF-D (pg/mL)

Characteristic Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-value*
No. Value No. Value No. Value No. Value
Triglycerides, median (IQR), mg/dL 602 | 125(91-178) | 595 | 115(81-164) | 597 | 111 (83-156) | 588 | 99 (74-149) <0.001
Fasting glucose, median (IQR), mg/dL 599 | 107 (95-132) | 600 | 111 (96-147) | 593 | 111 (96-139) | 589 | 113 (97-152) 0.015
Hemoglobin Alc, median (IQR), % 585 | 6.0(5.6-6.7) | 568 | 6.1(5.7-7.1) | 585 | 6.1 (5.6-7.0) | 568 | 6.2 (5.7-7.3) | <0.001
Creatinine, median (IQR), mg/dL 607 | 0.8(0.7-0.9) | 606 | 0.8(0.7-1.0) | 604 | 0.9 (0.7-1.0) | 601 | 1.0(0.8-1.4) | <0.001
Hemoglobin, mean (SD), g/dL 606 13.5 (1.6) 603 13.3 (1.7) 603 12.9 (1.7) 600 12.3 (2.0) <0.001
Hematocrit, mean (SD), % 606 40.5 (4.7) 603 39.8 (4.8) 602 38.7 (5.1) 600 37.0 (6.0) <0.001
Uric acid, mean (SD), mg/dL 592 5.7 (1.5) 583 5.8 (1.6) 592 5.9 (1.7) 580 6.3 (1.9) <0.001
Antihypertensive drug use 607 | 482(79.4) | 606 | 475(78.4) | 604 | 497(82.3) | 601 | 513(85.4) 0.008
RASI 607 337 (55.5) 606 341 (56.3) 604 362 (59.9) 601 392 (65.2) 0.002
ACEI 607 71 (11.7) 606 94 (15.5) 604 | 106 (17.6) | 601 117 (19.5) 0.002
ARB 607 273 (45.0) 606 259 (42.7) 604 275 (45.5) 601 296 (49.3) 0.150
B-blocker 607 139 (22.9) 606 164 (27.1) 604 203 (33.6) 601 209 (34.8) <0.001
Any lipid-lowering drug use 607 362 (59.6) 606 362 (59.7) 604 329 (54.5) 601 329 (54.7) 0.094
Any hypoglycemic drug use 607 154 (25.4) 606 206 (34.0) 604 182 (30.1) 601 218 (36.3) <0.001
Oral hypoglycemic drugs 607 | 136(22.4) | 606 | 167 (27.6) | 604 | 147(24.3) | 601 | 153(25.5) 0.212
Insulin 607 46 (7.6) 606 68 (11.2) 604 65 (10.8) 601 | 106 (17.6) <0.001
Any antiplatelet drug use 607 | 396(65.2) | 606 | 396(65.4) | 604 | 373(61.8) | 601 | 344 (57.2) 0.010
Any anticoagulant drugs 607 54 (8.9) 606 84 (13.9) 604 | 108(17.9) | 601 | 137 (22.8) <0.001
Warfarin 607 44 (7.3) 606 69 (11.4) 604 98 (16.2) 601 | 121(20.1) <0.001




VEGF-C + VEGF-D, mean (SD), pg/mL | 607 | 4019 (1457) | 606 | 4003 (1517) | 604 | 3872 (1455) | 601 | 4082 (1383) | 0.083
VEGF-C - VEGF-D, mean (SD), pg/mL | 607 | 3761 (1455) | 606 | 3505 (1519) | 604 | 3084 (1459) | 601 | 2366 (1513) | <0.001

Values are expressed as number (percentage) unless otherwise indicated. The quartiles of VEGF-D levels were as follows: quartile 1, <194.7; quartile

2, 194.8-303.3; quartile 3, 303.4-500; quartile 4, >500 pg/mL. VEGF-D, vascular endothelial growth factor D; PCI, percutaneous coronary intervention;
CABG, coronary artery bypass grafting; CAD, coronary artery disease; M|, myocardial infarction; CV, cardiovascular; IQR, interquartile range; SD,
standard deviation; LMT, left main trunk; NYHA, New York Heart Association; SBP, systolic blood pressure; DBP, diastolic blood pressure; bpm, beats
per minute; LDL, low-density lipoprotein; HDL, high-density lipoprotein; RASI, renin angiotensin system inhibitors; ACEI, angiotensin converting enzyme
inhibitors; ARB, angiotensin receptor blockers, VEGF-C, vascular endothelial growth factor C.

* The p-value is for the comparison among the quartiles of VEGF-D for differences using the Kruskal-Wallis and x? tests.

T Previous cardiovascular events include previous M, previous stroke, previous heart failure hospitalization, and previous coronary revascularization

(PCl and CABG).

*The presence of multi-vessel or LMT disease was assessed using a modified American Heart Association/American College of Cardiology
classification.
8 Chronic kidney disease is defined as an estimated glomerular filtration rate of less than 60 ml/min/1.73 m? of body surface area. Estimated glomerular

filtration rate of stages 3a, 3b, 4, and 5 are as follows: stage 3a, 45-59 ml/min/1.73 m?; stage 3b, 30—44 ml/min/1.73 m?; stage 4, 15-29 ml/min/1.73
m?; stage 5, <14 ml/min/1.73 mZ.



Table S2. Simple and stepwise multiple regression analyses for the VEGF-D level *

Simple regression analyses |(Independent determinants
Variables r SEM p B SEM p
Age,y 0.009 0.002 <0.001
Male 0.022 0.040 0.580
Body mass index, kg/m? -0.028 0.005 <0.001
Hypertension 0.126 0.045 0.005
Dyslipidemia -0.063 0.039 0.107 0.116 0.040 | <0.001
Diabetes 0.213 0.038 <0.001 0.183 0.035 | <0.001
Current smoker 0.091 0.050 0.067 0.141 | 0.045 | <0.001
eGFR, ml/min/1.73 m? -0.012 0.001 <0.001 | -0.005 | 0.001 | <0.001
Gensini score * 0.017 0.012 0.167
Previous myocardial infarction -0.004 0.054 0.948
Previous stroke 0.110 0.054 0.040
Previous heart failure hospitalization 0.507 0.061 <0.001
Atrial fibrillation 0.396 0.061 <0.001
Malignancies 0.033 0.065 0.611
Anemia 0.459 0.038 <0.001 | 0.186 | 0.038 | <0.001
Antihypertensive drug use 0.089 0.049 0.068
Statin use -0.181 0.038 <0.001 | -0.213 | 0.039 | <0.001
Aspirin use -0.130 0.038 0.001
NT-proBNP, pg/mL " 0.214 0.010 <0.001 0.183 0.012 | <0.001
cTnl, pg/mL* 0.102 0.010 | <0.001
hs-CRP, mg/L " -0.019 0.013 0.140 -0.085 | 0.012 | <0.001
VEGF-C, pg/mL -0.0001 0.00001 | <0.001

VEGF-D indicates vascular endothelial growth factor D; SEM, standard error of mean; eGFR:
estimated glomerular filtration rate; NT-proBNP, N-terminal pro-brain natriuretic peptide; cTnl,
contemporary sensitive cardiac troponin I; hs-CRP, high-sensitivity C-reactive protein; VEGF-C,
vascular endothelial growth factor C.

* Natural log-transformed to obtain normal distributions.



Table S3. Simple and stepwise multiple regression analyses for the VEGF-C level

Simple regression analyses

Independent determinants

Variables r SEM p B SEM p
Age, y -35.5 2.8 <0.001 -23.5 2.8 <0.001
Male -183 64 0.004 -264 59 <0.001
Body mass index, kg/m? 50.2 7.6 <0.001

Hypertension -28.0 70.6 0.691

Dyslipidemia 185 61 0.003

Diabetes -80.8 60.4 0.181

Current smoker 278 79 0.0004

eGFR, ml/min/1.73 m? 17.1 1.3 <0.001 5.39 1.48 <0.001
Gensini score -85.0 19.4 <0.001

Previous myocardial infarction -312 85 <0.001

Previous stroke -117 85 0.171

Previous heart failure

hospitalization 20 %8 <0.001

Atrial fibrillation -442 96 <0.001

Malignancies -402 103 <0.001

Anemia -880 60 <0.001 -532 62 <0.001
Antihypertensive drug use -121 77 0.115

Statin use 455 60.1 0.449

Aspirin use 59.8 60.4 0.322

NT-proBNP, pg/mL " -246 17 <0.001 -145 20 <0.001
cTnl, pg/mL* -116 16 <0.001

hs-CRP, mg/L " 1.87 19.92 0.925 77 19 <0.001
VEGF-D, pg/mL " -218 32 <0.001

VEGF-C indicates vascular endothelial growth factor C; SEM, standard error of mean; eGFR:

estimated glomerular filtration rate; NT-proBNP, N-terminal pro-brain natriuretic peptide; cTnl,

contemporary sensitive cardiac troponin |; hs-CRP, high-sensitivity C-reactive protein; VEGF-D,

vascular endothelial growth factor D.

* Natural log-transformed to obtain normal distributions.
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Figure S4
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